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Abstract: Chemical mechanical polishing (CMP) is the most effective method for surface planarization in the 
semiconductor industry. Nanoparticles are significant for material removal and ultra-smooth surface formation. 
This research investigates the mechanical effects of the material removal in the CMP process. The various 
contact states of pad, individual particle, and wafer caused by the variations of working conditions and material 
properties are analyzed. Three different mechanical models for the material removal in the CMP process, i.e., 
abrasive wear, adhesive wear, and erosive wear are investigated, with a focus on the comparison of the results 
for different models. The conclusions and methods obtained could potentially contribute to the understanding 
and evaluation of the CMP process in further work. 
 




1  Introduction 
The application of chemical mechanical polishing 
(CMP) to polish various materials (e.g., metals, glasses 
and stones) has a long history. In 1965, Monsanto first 
applied CMP process to the manufacture of glasses. 
In the 1980s, the International Business Machines 
Corporation (IBM) produced 4M and 64M Dynamic 
Random Access Memory (DRAM) [1, 2] by applying 
the CMP process. This move led to the rapid develop-
ment of the technique. The CMP process is now widely 
used in the semiconductor industry for oxide dielectric 
and metal layer planarization, such as integrated circuit 
(IC) fabrication for various materials [3]. Accordingly, 
CMP is the most effective method used in surface 
planarization. 
The recent line width in IC fabrication has the 
tendency to be 14 nm and smaller. This measurement 
leads to a higher requirement for the chip surface 
planarization process. Therefore, studies on CMP 
theory and principle have increasingly been performed 
to develop the control of such a technique. 
In 1927, Preston [4] proposed a mechanical model 
to describe the material removal rate (MRR) in CMP. 
The MRR in his research was a linear correlation 
with polishing pressure (P) and polishing velocity 
(U). Warnock [5] put forward a theory involving  
the geometry effect in CMP. Runnels and Eyman [6] 
analyzed the fluid film between the wafer and the pad, 
and demonstrated that hydroplaning was possible 
for standard CMP processes. Tseng and Wang [7] 
proposed that MRR = KP5/6U1/2 according to Hertz 
theory. Zhang and Busnaina [8] pointed out that 
plastic deformation was the most likely deformation 
mechanism, which occurred within the abrasive nano-
particle and the wafer during CMP. They also found 
that MRR = K(PU)1/2. Shi and Zhao [9, 10] demonstrated 
that MRR = K(P2/3 − Pth2/3)U for critical pressure when 
the pad was soft. These models are called phenomen-
ological models. They, somehow, match the empirical 
data but their mechanism is unknown. 
Studies on the theoretical contact model have also 
been conducted. Yu et al. [11] proposed material 
removal theory related with pad roughness. Liu et al. 
[12] analyzed the material removal mechanism when 
the nanoparticle scrolled between the pad and the 
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wafer. Zhang and Tanaka [13] focused on the silicon 
monocrystal deformation induced by two- and 
three-body contact sliding. Base and Liang [14] 
thought that mechanical wear by the abrasive nano-
particle was the main cause of the material removal 
in CMP. Zhao et al. [15] presented an elastic–plastic 
asperity microcontact model for the contact between 
two nominally flat surfaces. Luo and Dornfeld [16] 
found that plastic deformation occurred between 
the nanoparticles and the wafer. Zhao and Chang [17] 
supposed that the asperity summits of the pad  
were random, and the deformation between the 
nanoparticles and the pad was elastic. 
In addition, adhesion or impact between the 
nanoparticle and the wafer was thought to be a form 
of material removal in CMP. Ahmadi and Xia [18] 
studied the material removal by adhesive and abrasive 
wear during the CMP process. Fu et al. [19] suggested 
that the hydroxylated layer behavior was modeled 
as a perfectly plastic material. Wang et al. [20] also 
proposed a novel mathematical model for CMP based 
on interface solid physical and chemical theory, which 
considered abrasive and adhesive wear, in addition 
to energy equilibrium knowledge. Jeng and Huang 
[21, 22] investigated the effects of particle size within 
the CMP process using a microcontact wear model, 
which considered the impact of particle to the wafer 
surface. Xu et al. [23, 24] performed an experiment, 
wherein a cylindrical liquid jet containing SiO2 nano-
particle normally impacted on a glass surface at speeds 
of 1 m/s and 3 m/s, to evaluate the contribution of the 
nanoparticle impact to the material removal. 
Compared with the phenomenological models [6–12], 
contact theories and models are more effective in 
revealing the material removal mechanism in the CMP 
process. However, only a few studies focused on the 
removal models of erosive wear, which may be a 
significant form of material removal [25]. Furthermore, 
the removal rates of different removal models have 
not been compared as far. The contact state of the 
particle, wafer, and pad is also significant for the 
material removal in CMP. The contact state is also 
influenced by many factors, including particle diameter, 
mechanical properties of the pad or wafer, and load 
on particles. However, the description of the contact 
state has not been sufficiently considered. 
List of symbols 
Polishing pressure P  Composite Young’s modulus of pad and particle spE  
Material removal rate MRR  Composite Young’s modulus of wafer and particle swE  
Velocity of pad U  Young’s modulus of particle sE  
Critical polishing pressure thP   Young’s modulus of pad pE  
Penetration depth of wafer w   Young’s modulus of wafer wE  
Penetration depth of pad p  Poisson ratio of wafer w  
Radius of particle r  Poisson ratio of pad p  
Diameter of particle D  Poisson ratio of particles s  
Force between pad and particle spF  Surface hardness of wafer wH  
Force between wafer and particle swF  Work of adhesion between pad and particle apW  
Work of adhesion between wafer and particle awW  Adhesion force between wafer and particle awF  
Adhesion force between pad and particle  apF  Number of adhesion process per second n  
Number of particles in a unit contact area N   mass of a particle m  
Real contact area ratio rk  velocity of particle v  
Particle surface concentration coefficient C  Number of impact between per second *n  
Radius of contact area a  Roughness of pad aR  
Critical contact force cspF  Strain energy of wafer strainE  
Diameter of atom d  Ratio of transferred kinetic energy to strain energy   
Adhesive wear coefficient ak  Angle of impact direction   
erosive wear coefficient ek    
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Two types of particle, wafer, and pad contact states 
are further discussed in this paper. A theoretical 
method, which has been used before, is also demon-
strated to quantitatively analyze the contact state. 
Three different removal models, namely, abrasive, 
adhesive, and erosive wear, are proposed and analyzed. 
The MRR owing to nanoparticle impact to the wafer 
is evaluated through equivalent assumption of strain 
energy to kinetic energy. Comparisons of each remo-
val model are proposed for different pressures, pad 
velocities, and particle sizes. The conclusion and 
methods in this paper may help to better understand 
and evaluate the CMP process in future work. 
2 Theory and analysis 
2.1 Different contact states 
During the CMP process, not all abrasive particles have 
the chance to be in contact with the wafer surface. In 
most situations, only those in the slurry trapped in 
between the pad asperity summits and the wafer 
during the CMP process are effective (Fig. 1). 
The particle behavior and load acting on each 
particle vary depending on the slurry concentration 
and the mechanical properties of the pad and the 
wafer. All these different factors will lead to two 
different contact states. 
In the CMP process involving a hard pad, the pad 
deformation is usually small, and the pad function is to 
hold the abrasive particles [26]. This is the first type 
of contact state, called the “particle non-embedded”. 
In this situation, the polishing pressure effect mainly 
transfers through the contact area between the 
particles and the wafer surface. Therefore, all the pad  
 
Fig. 1 Schematic of the polishing pad–wafer contact in CMP. 
pressures change into load on each particle. On the 
contrary, in the CMP process involving a soft pad, the 
particles seem to be engulfed because of the larger 
pad deformation. Hence, most of the pressure acts 
directly on the contact area between the wafer and 
the pad. This type is called the “particle embedded,” 
which is in contrast to the first type of contact state. 
Figure 2 shows the geometrical characteristics of the 
two contact states. 
2.2 Force analysis for a single particle between the 
wafer and the pad 
The contact can usually be simplified into a three- 
body contact of the wafer particle and the polishing 
pad [13]. The particle in such a model is regarded as 
a sphere. As shown in Fig. 3, the contact force leads 
to a penetration depth in the wafer when a particle 
comes into contact with the water surface. w  is the 
penetration for the wafer, while p  is that for the pad. 
spF  is the force between the pad and the particle, 
while apF  is the adhesion force between the two. swF  
is the force between the wafer and the particle, while 
awF  is the adhesion force between the two. 
The force on the particle should obey the force 
equilibrium condition as follows: 
  sw ap sp awF F F F               (1) 
The water penetration depth w  is mainly used to 
describe the removal rate in the CMP process. In most 
situations, plastic deformation occurs on the wafer 
surface, whereas elastic deformation occurs on the pad. 
Elastic contact theory states that the force between 
the pad and the particle is given as follows [27]: 






DF E               (2) 
where D  is the particle diameter, and spE  is the com-
posite Young’s modulus of the pad and the nanoparticle 
defined as follows: 







           (3) 
sE  and s  are the Young’s modulus and Poisson ratio, 
respectively, for the particle. pE  and p  are both for 
the pad. 
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Plastic deformation theory states that the contact 
force between the wafer and the particle is given as 
follows [27]: 
sw w wπF H D                 (4) 
where wH  is the wafer surface hardness. 
A suction effect is observed from the pad for the 
adhesion force between the pad and the particles. 
Johnson, Kendall, and Roberts (JKR) theory could be 
used in this case because the Young’s modulus of the 
pad is much smaller. The adhesion force is given 
through JKR theory as follows [28]: 
ap ap1.5πF W r                (5) 
Here apW  is the thermodynamic work of adhesion 
between pad and particle, while r  is particle radius. 
And DMT model is applied to obtain the adhesion 
force between particles and wafer. As both wafer and 
particles appear hard, DMT theory will be much more 
adapted, and the adhesion force is given as [28]  
aw aw2πF W r                 (6) 
where awW  is the thermodynamic work of adhesion 
between the pad and the particle. 
2.3 Wafer and pad deformation 
In the CMP processes, the wafer penetration depth and 
pad deformation should obey the following geometrical 
condition if the contact state is particle embedded, as 
shown in Fig. 3(b): 
  w p D                  (7) 
The following equation is derived from Eqs. (1), (2), 
(4), (5), and (6): 
         
1/ 2
3 / 2
sp w aw w w ap
4 2π π 1.5π
3 2
DE D W r H D W r
(8) 
w  can be obtained using the above-mentioned 
equations. 
In the CMP processes, there is no geometrical con-
dition for w  and p  if the contact state is particle 
non-embedded, as shown in Fig. 3(a). Hence, Eqs. (7) 
and (8) are unsuitable. 
A simplified model is presented in the non- 
embedded condition to obtain the force on a single 
particle and estimate the number of particles in a unit 
nominal contact area. The research results by Xia and 
 
Fig. 2 Different geometries of contact states: (a) particle non-embedded and (b) particle embedded. 
 
Fig. 3 Geometrical and mechanical behavior of the wafer, particle, and pad: (a) particle non-embedded and (b) particle embedded. 
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Ahmadi [26] stated that solid–solid contacts between 
the wafer and the pad asperities must be present to 
sustain the imposed load. However, not the entire wafer 
area will be in contact with the pad. Furthermore, the 
sum of the solid–solid contact area is the real contact 
area. The nominal polishing pressure P  is sustained 
by the real contact area. Hence, the real contact area 





                 (9) 
where A  is the nominal contact area equal to the wafer 
area and rP  is the real mean contact pressure. The real 





               (10) 
The real mean contact pressure between the pad 
and the wafer may be evaluated according to the 
pad topography and mechanics. The real contact area 
ratio varies from 0.00001 to 0.15 [11, 29]. The number 
of trapped particles depends on the ratio of the real 
contact area to the cross-sectional area of a particle. 
However, in practice, the particles do not fully cover the 
pad surface. Furthermore, the dimensionless parameter 
C  is used to specify the particle surface concentration 
with respect to the slurry. Therefore, the number of 
particles in a unit nominal contact area is provided as 
follows: 
  r r r2 2 21π π π
CA A k CCN
r A A r r
          (11) 
where r  is the particle radius and the value of C  is 
usually lower than 0.19 [18]. 
The force between the pad and the particle is then 







             (12) 
where P  is the polishing pressure between the pad 
and the wafer. 
w  is obtained using Eqs. (1), (4), (5), (6), and (12) 
as follows: 
      
2
w aw ap w
r
π 2π 1.5π / πP r W r W r H D
k C
  (13) 
The contact radius is also evaluated as: 
 w2a r                 (14) 
2.4 Contact state analysis 
Knowing the contact states of the wafer, pad, and 
particle in the CMP process is significant. The contact 
state should first be particle non-embedded when the 
polishing pressure is very low or the pad is relatively 
hard. This state may change to particle embedded as 
the polishing pressure increases. The pad and wafer 
deformation should obey Eq. (6) for a critical contact 
state from particle non-embedded to particle embedded. 
Substituting Eqs. (2) and (4) into Eq. (7) provides the 
following: 
            







E D H D
       (15) 
c
spF  is the critical contact force on the particle. The 
adhesive force in Eq. (15) is neglected because cspF  is 
much bigger than the force in most situations. The 
following formula is obtained by substituting Eq. (12) 
into Eq. (15): 
      
2 / 3
th th




E k C H k C
       (16) 
where thP  is the critical pressure between the pad and 
the wafer. 
From Eq. (16), thP  is known to be independent of 
the particle radius. The contact state in a CMP process 
should be particle embedded when the polishing 
pressure is over the critical pressure; otherwise, the 
contact state should be particle non-embedded. 
Two dimensionless parameters, 










, can be taken for judging the contact 
state, as shown in Fig. 4. 
Figure 4 shows the critical line with a slope of −1. 
The area above the line demonstrates the particle 
embedded state, whereas the area below it shows the 
particle non-embedded state. 
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Fig. 4 Map of determination for the contact state. 
3 Different removal models 
The particle interaction with the wafer surface and the 
removal process for the wafer material are both com-
plicated. Three models can be employed to evaluate 
the mechanical removal rate. 
3.1 Removal rate by abrasive wear 
The particles come into contact with the wafer surface. 
The penetration depth then occurs and slides nearly 
parallel to the wafer surface. The materials are then 
removed by abrasive wear. 
The shadow area in Fig. 5 shows the removed 
material. The MRR by a single particle is provided as 
follows: 
 wMRR a U                (17) 
where a  is the contact radius; w  is the penetration 
depth; and U  is the pad velocity. 
3.2 Removal rate by adhesive wear 
When two surfaces come into contact, their asperity  
 
Fig. 5 Schematic of the removal model by abrasive wear. 
summits will probably adhere to each other because 
of the thermodynamic work and adhesion force. A 
break will probably occur within one of the materials 
when the contacts are broken during sliding or rolling. 
In a CMP process, such mechanical break sometimes 
occurs within the underneath wafer and not in the 
original particle and wafer interface. The wafer materials 
are then removed in this manner, as shown in Fig. 6. 
Zhou and Pan [29] observed an atomic-scale smooth 
surface after a CMP process in their experiments. 
Therefore, it can be assumed that only one atomic 
layer is removed in a single adhesion process. The 
material removed by a single particle is then provided 
as follows: 
 2aMRR πk a dn              (18) 
where d  is the atomic diameter of the silicon, which 
is the wafer material; a  is the particle contact radius; 
and ak , which has a value generally below 0.11, is 
the adhesive wear coefficient used to describe the 
probability of effective adhesion [30]. n  is the number 





. The following equation is then 
obtained: 
 2 aa πMRR π 2 2
kUk a d adU
a
       (19) 
3.3 Removal rate by erosive wear 
During a CMP process, part of the abrasive particles 
travels in the slurry and has the chance to impact 
the wafer surface [31, 32]. Erosive wear then occurs. 
Figure 7 shows the impact process. 
 
Fig. 6 Schematic of the removal model by adhesive wear. 
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Fig. 7 Schematic of the removal model by erosive wear. 
The impact of the abrasive particles during the 
erosive wear process also results in deformation and 
penetration into the surface. The ratio of the particle 
kinetic energy transferring to the strain energy is 
assumed to be  . The following equation is then 
obtained: 
       2strain w 1 sin2E f m v           (20) 
where   is the impact direction angle, m  is the par-
ticle mass, and v  is the particle velocity. The energy 
conversion in the impact between the particles and 
the wafer could be approximately considered as rigid- 
body collisions. By estimating the energetic coefficient 
of restitution, it is assumed that less than 20% of the 
particle kinetic energy can transform to strain energy 
because of energy loss in the CMP process [33]. The 
penetration depth w  is then acquired. The contact 
radius a  can be obtained using Eq. (14). 
Similar to the adhesive wear process, the erosive 
wear removal rate for a single particle by each impact 
is estimated by 
 2 *eMRR πk a dn              (21) 
where *n  is the number of impacts per second between 
the particle and the wafer, and ek  is the erosive wear 
coefficient. It is assumed that the manner by which 
the material here is removed is similar to that in the 
adhesive wear. Furthermore, the value of ek  will be a 
little smaller than ak  in Eq. (18). Some free particles 
in the slurry exhibit the reciprocating motion from 
the wafer to the pad [31]. A particle travels a distance 
of the length two times of the asperity summit height 
each time it impacts the wafer surface. Hence, the 
number of impacts per second between the particle 





               (22) 
where v  is the average particle traveling velocity, 
and aR  is the pad roughness. Notably, the kinetic 
energy of a particle will be partly dissipated after an 
impact. Nevertheless, the interaction force among 
the particles and surface and the fluid flow and pad 
motion may again speed up the particle [31]. Therefore, 
it is reasonable to assume that the particles can travel 
in the slurry at a stable average velocity after several 
times of impacts. 
4 Results and discussion 
Table 1 shows some fundamental parameters descri-
bing the CMP process conditions based on the actual 
working situations [27]. The wafer and abrasive 
particle materials are Si and SiO2, respectively. The 
thermodynamic work of adhesion is defined by the 
particle, wafer, and pad properties, and influenced 
by slurry conditions. The adhesion work between the 
wafer and the particle is assumed as 0.0141 J for silica 
[18]. The literature reveals the adhesion work between 
the pad and the particle to be ~0.0081 J [34]. 
4.1 Penetration depth of wafer by a single particle 
The Young’s modulus of the hard polishing pad is set  
Table 1  Parameters of the CMP process. 
Parameters Value 
Polishing pressure, P  15–90 kPa
Work of adhesion between wafer and particle, awW  0.0141 J 
Work of adhesion between pad and particle, apW  0.0081 J 
Young’s modulus of pad, pE  10 or 100 MPa
Poisson ratio of pad, p  0.22 
Young’s modulus of wafer, wE  66 GPa 
Hardness of wafer, wH  2.8 GPa 
Poisson ratio of wafer, w  0.3 
Young’s modulus of particles, sE  72 GPa 
Poisson ratio of particles, s  0.26 
Velocity of pad, U  0.5 m/s 
Concentration of slurry, C  0.1 
Real contact area ratio, rk  0.04 
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as 100 MPa. Figure 4 shows that the contact state is 
particle non-embedded. 
Figure 8 demonstrates the variations of the penetra-
tion depth with polishing pressure for different particle 
sizes when Ep = 100 MPa for a single particle. The 
penetration depth linearly increases with the polishing 
pressure. The big particle size for the slurries with the 
same particle concentration indicates less effective par-
ticles between the pad and wafer asperities. Therefore, 
the bigger the particle size at the same pressure, the 
larger the penetration depth into the wafer. Moreover, 
the load on a single particle will be bigger, which leads 
to deeper penetration. These results are consistent 
with those reported in the literature [18]. 
The Young’s modulus for the soft pad is set as 
10 MPa. The critical pressure obtained using Eq. (16) is 
~48 kPa. Therefore, the contact state for the polishing 
pressure below 48 kPa is particle non-embedded. The 
contact state over that pressure is particle embedded. 
Figure 9 shows the penetration depth variations with 
polishing pressure. 
Figure 9 also demonstrates that the penetration 
depth is not determined by the polishing pressure when 
the contact state is particle embedded. Accordingly, 
the penetration depth is only related with the particle 
diameter. Bigger particles lead to deeper penetration, 
which is also accompanied by larger contact forces 
on each particle. 
 
Fig. 8 Variations of the penetration depth with polishing pressure 
for different particle sizes (Ep = 100 MPa, particle non-embedded). 
 
Fig. 9 Variations of the penetration depth with polishing pressure 
for different particle sizes (Ep = 10 MPa). 
4.2 Removal rate of by a single particle 
4.2.1 Removal rate by abrasive wear 
The removal rate by a single particle is calculated and 
analyzed by using Eq. (17). The particle radii are set 
as 20 nm, 60 nm, and 100 nm. Figures 10 (hard pad) 
and 11 (soft pad) show the different removal rate 
variations with polishing pressure. 
Figure 10 demonstrates that the removal rate for a 
hard pad increases with the polishing pressure because 
the contact state is always particle non-embedded, 
and the variations are non-linear. Meanwhile, the 
removal rate for the soft pad increases when the  
 
Fig. 10 Variations of the removal rate with polishing pressure 
by a single particle of abrasive wear (hard pad). 
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Fig. 11 Variations of the removal rate with polishing pressure 
by a single particle of abrasive wear (soft pad). 
pressure is below 48 kPa. The removal rate then does 
not change with the polishing pressure increase because 
the contact state changes to particle embedded when 
the pressure is over 48 kPa. The penetration depth in 
this state is not determined by the polishing pressure. 
4.2.2 Removal rate by adhesive wear 
The removal rate value can be estimated using Eq. (19). 
Figures 12 and 13 show the results. The variation 
trend of the removal rate with the polishing pressure 
is similar to that of the abrasive wear. In addition, the 
removal rate is much smaller than that of abrasive 
wear under the same polishing pressure. The removal 
rate increases with the polishing pressure when the 
contact state is particle non-embedded. It also does not  
 
Fig. 12 Variations of the removal rate by a single particle of 
adhesive wear with polishing pressure (hard pad). 
 
Fig. 13 Variations of the removal rate by a single particle of 
adhesive wear with polishing pressure (soft pad). 
change when the contact state is particle embedded. 
A change of the contact state is observed in the soft 
pad. The larger-sized particles cause bigger removal 
rates. 
4.2.3 Removal rate by erosive wear  
The impact direction angle is set as 45°, and   is 
assumed to be 0.2 [33]. The correspondences of 
wafer deformation and strain energy are obtained by 
calculation using the ANSYS workbench. These data 
are used to solve Eq. (20) and obtain the relationship 
between strain energy and penetration depth. The 
erosive depth variations with the particle traveling 
velocity are obtained as shown in Fig. 14 for the 
particles of r = 20 nm and r = 60 nm. 
 
Fig. 14 Variations of the penetration depth with traveling particle 
velocity. 
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The removal rate by impact can be estimated 
according to Eqs. (21) and (22) (Fig. 15). The pad 
roughness herein is assumed to be 20 μm. 
Figure 15 shows that the bigger particle will cause 
deeper penetration and the larger removal rate for the 
same average velocity. The removal rate of erosive 
wear becomes a large value for the particle size of 
60 nm when the particle velocity is over 60 m/s. 
However, the material removal process by erosive 
wear will not be continuous like those by cutting and 
adhesive wear. Therefore, the removal rate f is smaller 
in most cases. However, the removal rate by cutting 
and adhesive wear will be extremely small when the 
polishing pressure is very small. The impact may then 
play a big role. 
4.3 Comparison of different removal models 
Figures 16 and 17 show the comparisons among 
abrasive, adhesive, and erosive wear for the particle 
radii of 20 nm and 60 nm, respectively. The MRR ratio 
of adhesive wear to abrasive wear increases with the 
polishing pressure decrease because the penetration 
depth decreases for abrasive wear when the polishing 
pressure is small. The ratio will be larger under the 
same polishing pressure when the particle size is 
smaller. The removal rate of adhesion wear for a 
particle with a 20 nm radius can reach about 77% of 
that for abrasive wear. Therefore, the adhesive wear 
effect plays an increasingly more important role when 
the particle size or polishing pressure decreases. 
The MRR of erosive wear is very small in most 
situations. However, this may be large and even come 
 
Fig. 15 Variations of the removal rate with average particle 
velocity. 
 
Fig. 16 Comparison among abrasive, adhesive, and erosive wear 
(r = 20 nm). 
 
Fig. 17 Comparison among abrasive, adhesive, and erosive wear 
(r = 60 nm). 
close to the removal rates when the particle velocity is 
very high because of other wear forms. The average 
particle velocity in the calculations for Figs. 16 and 17 
is set to 40 m/s. This value is much higher than the 
rotating velocity of the wafer in a real CMP process. 
However, Lei et al. [32] observed in a CMP experi-
ment using a fluorescent technique that the particles 
move much faster than the rotating speed. Figures 16 
and 17 also show that the ratio of MRR by erosive 
wear to abrasive wear comes close to 10% when the 
polishing pressure is below 20 kPa. The MRR caused 
by erosive wear is only related to the particle velocity, 
whereas that by abrasive and adhesive wear decreases 
with the polishing pressure decreases. The number 
of free particles, which could impact the wafer, may 
also be much more than the particles embedded in 
the pad. Therefore, it can be concluded that the effect 
of erosive wear may play an important role when the 
polishing pressure is very low. 
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5 Conclusions 
The interactions among the wafer, particle, and pad can 
be divided into the two types of contact states: particle 
embedded and particle non-embedded. Different 
contact states will affect the removal rate of CMP 
because of the different mechanical behaviors of the 
particles. This study first proposed a quantitative 
method of judging the contact state (Fig. 4, map of 
determination for the contact state). The critical 
pressure could help in determining the contact state 
and does not depend on the particle radius. The three 
following models of material removal are effective 
in the CMP process: abrasive, adhesive, and erosive 
wear. This paper compared the results for different 
models. Abrasive wear is usually the main part of 
material removal. The MRR by adhesive wear is about 
10% to 50% of that by abrasive wear for a polishing 
pressure of over 30 kPa. The adhesive wear effect be-
comes more obvious when the pressure is lower. The 
removal rate by erosive wear may play an important 
role in the CMP process, especially for low polishing 
pressures. Only the MRR by a single particle is 
discussed herein. Studies on the whole MRR in a CMP 
process and the combined removal model of these 
three forms as well as the validation experiments will 
be performed and presented in future work. 
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